The confined electron-interface (IF) polar optical phonon scattering in double heterostructures is considered within the dielectric continuum approach. The dependences of electron-IF phonon scattering rate (SR) on the quantum well (QW) width and on the IF phonon frequencies are calculated. The intrasubband SR of electrons confined in the QW by IF phonons is estimated for AlAs / GaAs / AlAs, GaAs / InAs / GaAs, and GaN / InN / GaN heterostructures. The SR of electrons, the energy of which is higher than the barrier phonon energy, increases with an increase of the phonon energy. It is shown that the SR of electrons, the energy of which corresponds to the bulk phonon energy in a QW material, by symmetric IF phonons strongly decreases with a decrease of the QW width, when the width is smaller than 5-10 nm. Contrary, the SR of electrons, the energy of which exceeds the highest IF phonon energy, by IF phonons increases in a narrow QW. This means that the electron mobility and the saturated drift velocity at high electric fields in a narrow QW must be higher than in a wide one.
Introduction
A decrease of inelastic electron-polar optical (PO) phonon scattering rate means an increase of the electron maximum drift velocity [1] . The electron maximum drift velocity determines the main parameters of transistors, namely the cutoff frequency and gain. An essential decrease of the scattering rate (SR) of the electrons confined in a quantum well (QW) by the PO phonons confined in a phonon well with a decrease of the well width was reported in several papers [1] [2] [3] . However, the calculations [4] [5] [6] show that this decrease of the electron-confined phonon SR is compensated by an equivalent increase of the electron-interface (IF) phonon SR.
In this paper, a possibility to reduce the electron-IF phonon SR by choosing a relevant pair of semiconductors in a double heterostructure and by making use of a variation of IF phonon frequency in narrow QWs is considered.
PO phonon potential amplitudes and envelope functions in a quantum well between two phonon barriers
Let us, following the dielectric continuum model [3] [4] [5] , describe the PO phonon envelope function and the potential amplitude in a double heterojunction structure taking into account the dependence of IF phonon frequencies on the QW width. Figure 1 illustrates the considered structure. Electrons are confined in the electron QW, located in the material A between the potential barriers B. Due to a difference of the longitudinal PO phonon frequencies in the QW material A, ω LA , and the barrier material B, ω LB , the optical phonons are confined in the QW. The PO phonon potential ϕ(q) in the QW is found from the solution of the Laplace's equation for a case of the QW (material A) between two phonon barriers (material B). The boundary conditions at the interfaces ±L A /2 are:
Note that q is the phonon wave vector in the QW plane. The QW and barrier dielectric functions for binary materials are:
where ε ∞A,B are the high-frequency dielectric permittivities, ω LB and ω TB are the longitudinal and transverse optical phonon frequencies in the barrier material B, and ω LA and ω TA are those in the phonon well. Due to translational invariance in the direction parallel to the interface, the solutions can be presented in the form
where ϕ q (z) is the z-component of the phonon envelope function, F (q) is the normalization coefficient (phonon potential amplitude), and q and r are the phonon wave vector and the coordinate in the interface plane (x, y). The solution of the Laplace's equation gives two different types of phonon modes in the phonon well [4, 5] : (i) the confined modes and (ii) the symmetric and antisymmetric IF modes.
The confined phonon envelope functions for the phonon well of the width L A have the form
The IF phonon envelope functions are determined by the expressions
for the symmetric IF phonon modes, and by the expressions
for the antisymmetric ones. Expressions (3)-(6) for the IF PO phonon potentials, which are obtained on the basis of the dielectric continuum (DC) model, are in good agreements with the IF phonon potentials calculated within the ab initio microscopic model [5, 7] . It is worth to note a good agreement between the DC model-based calculated results and the experimentally observed Raman spectra caused by IF PO phonons [8, 9] . The existence of IF phonons manifests itself in many experiments [9] . The electron-IF phonon scattering is a dominant mechanism of electron scattering in narrow QWs [9] [10] [11] .
It should be noted that expression (4) for the confined PO phonon envelope function does not coincide with the results of calculations within the microscopic model [5, 7] . In the DC model, the Maxwell's conditions at an interface are satisfied and the mechanical ones are neglected. The problem of the boundary conditions for the confined PO phonons is discussed by many authors (see [9, 12] and references therein).
Huang and Zhu [13] have proposed an expression for the confined phonon potentials that satisfies both the mechanical (dϕ q /dz = 0) and Maxwell's conditions (ϕ q = 0) at the interfaces. The resulting phonon potential function is in good agreement with calculations based on the microscopic model [7, 9] . The DC model with the Huang-Zhu potential for confined phonons gives the best explanation of the experimental data on the electron-PO phonon interaction in ultrathin multiple QWs [10] . The calculations of QW width dependences of the electron-confined phonon SR in the AlAs / GaAs / AlAs QWs, using the Huang-Zhu and the ϕ C q (z) ∼ cos q z z (Eq. (4)) phonon potentials, yield the same results for QW widths less than 10-15 nm [14] . Therefore, in the calculations of the electronconfined phonon SR contribution we shall use the function (4) as an admissible approximation.
In the DC model, the phonon potential amplitude F (q), which determines the electron-phonon interaction strength for the phonon well (material A) between the single phonon barriers (material B), is determined as in [3] [4] [5] ,
where S is the in-plane normalization area, and the parameters I A and I B are given by the expression
Making use of the dielectric function expressions (2) one obtains
where ω ν is the frequency of IF phonons. Note that q is the emitted (or absorbed) phonon momentum. Equation (7), for the bulk phonons (ω = ω LA and ϕ q (z) ∼ exp(iqz)) reduces to the widely used formula
where V is the normalization volume, ω LA is the bulk PO phonon energy, and F (ω LA ) corresponds to the Fröhlich constant of the electron-PO phonon interaction.
For the confined phonons in layer A (ε A = 0 and ω = ω LA ) Eq. (7) gives
For the IF phonons we obtain
for the symmetric modes and
for the antisymmetric IF modes. The IF phonon amplitude and, consequently, the strength of the electron-IF phonon interaction, according to Eqs. (11) and (12) , is rather sensitive to the IF phonon frequencies ω ν .
The frequencies ω ν of the IF phonon in the binary material phonon well of the width L A are found from the boundary conditions (1) [4] ,
(13) for the symmetric modes (ω ν = ω S ) and Figure 2 shows the dependences of ω S on the width L A for the AlAs / GaAs / AlAs, GaAs / InAs / GaAs, and GaN / InN / GaN phonon wells at the fixed q value q = 2m ω LA / 2 . For GaAs, q = π / (12.6 nm).
The IF phonon frequencies are not equal to the frequency of the bulk phonons in the QW material. Moreover, there are two branches of symmetric and antisymmetric IF phonon frequencies: the barrier-like, ω B , and the QW-like, ω A . The barrier-like IF phonon frequencies are near to the barrier material optical phonon frequency (between ω LB and ω TB ). The QW-like phonon frequency is near to the QW material optical phonon frequency (between ω LA and ω TA ). In wide QWs, the symmetric and antisymmetric IF phonon branches degenerate, ω S = ω A . In a narrow QW of width L A < π/q, the degeneracy of symmetric and antisymmetric phonon frequencies is lifted. At L A → 0, the symmetric mode frequency of the barrierlike phonons is ω LB and of the QW-like one it is ω TA . For the antisymmetric mode, contrary, the barrier-like phonon frequency is ω TB , and the QW-like one is ω LA .
Note that the dielectric function in the QW and barriers has an opposite sign, ε A (ω S )ε B (ω S ) < 0, and at
The change of the phonon frequencies at low QW widths influences significantly a contribution of the IF phonons to the electron-phonon SR.
General expression for scattering rate
We shall describe the electron SR in a QW as a probability to emit (or absorb) the PO phonon by a confined electron per time unit. The probability of electron transition from the initial state k i to any of final states k f by emission (or absorption) of the ν-mode phonon in time unit is equal to
where k i and k f are the electron wave vectors in a QW plane, E i and E f are the initial and final electron energies, respectively, ω ν is the ν-mode phonon energy,
are the normalized electron and ν-mode phonon wavefunctions in the QW of width L A . Signs '+' and '−' correspond to a phonon emission and absorption, respectively.
For simplicity, we shall consider the intrasubband electron transition in the first electron subband of the rectangular electron QW of width L A with infinite barriers. Then the electron wavefunction has the form
and
After integration of Eq. (15) for k 2 f , assuming E i = 2 k 2 i /(2m) and taking into account the conservation of energy and momentum k in a QW plane, we obtain
with W 0 = me 2 /π 2 ε 0 . Here ε 0 is the electric con-
In Eq. (17), the in-plane momentum of emitted (sign '−') or absorbed (sign '+') phonons is equal to
with
where k opt is the wave number of electrons with the energy equal to the phonon energy ω ν . The electron SR in the QW of width L A by confined phonons, according to Eqs. (4), (10) , and (17) is equal to
by Eq. (9). The electron intrasubband SR by symmetric IF phonons, according to Eqs. (5), (11), and (17), is equal to
Note that due to a symmetry of the first electron subband wavefunction, the intrasubband SR by antisymmetric phonons, W A IF , is equal to zero.
The sum rule and confined electron-bulk phonon scattering rate approximation
The calculation of the electron-PO phonon SR, according to Eqs. (19) and (20), neglecting the difference in the electron-IF phonon and electron-confined phonon coupling strengths, i. e. assuming ω ν = ω LA , shows that the sum of the confined electron SR by IF and confined phonons is exactly equal to the confined electron SR by the bulk phonons,
where the confined electron SR by bulk phonons, according to the DC model [4] , is equal to
where
and ω LA is expressed in meV. This fact is adequate to the sum rule of the electronphonon interaction form factors [4, 15] and means that, in spite of the PO phonon confinement in the QW, the confined electron scattering by the bulk phonons can be used as an approximation for calculations of the electron-PO phonon SR in the QW. The electron SR by the bulk phonons in the QW is a widely used approximation.
However, the sum rule can not be fulfilled when the IF and confined phonon frequencies, and, therefore, electron interaction strengths with IF and confined phonons are different [4, 15] . The use of the bulk phonon approximation for calculations of the SR in those cases can give faulty results.
Below, the SR calculations using Eqs. (17)-(19) are compared with the SR calculations within the bulk phonon approximation, Eqs. (21) and (22).
Dependence of electron-IF phonon scattering rate on the QW width
Let us consider the electron SR by confined and symmetric IF phonons in three types of double barrier QWs: AlAs / GaAs / AlAs, GaAs / InAs / GaAs, and GaN / InN / GaN. The PO phonon parameters of these semiconductors used in calculations are presented in Table 1 .
Symmetric IF phonons of a double heterojunction structure (according to Eq. (13)) have two different frequencies: the barrier-like, ω B , and the QW-like, ω A . That means that the SR of electrons with emission of IF phonons has two energy thresholds: at the barrierphonon energy ω B and at the QW-phonon energy ω A . (23)), which characterizes the electron-phonon interaction strength in the AlAs / GaAs / AlAs double heterostructure. Fe(ωB) and Fe(ωA) correspond to the barrier-like and the QW-like frequencies dependent on a QW width.
We calculate the electron-PO phonon SR for three electron energies: (i) the electron energy higher than the barrier-like IF phonon energy; (ii) the electron energy higher than the QW-like phonon energy, but lower than the barrier-like phonon energy; and (iii) the electron energy of 25 meV, which is lower than any PO phonon energies considered.
The IF phonon frequency determines the phonon potential amplitude (7) and the electron-phonon interaction strength. This strength we will define as
where Figure 3 demonstrates the QW width dependence of the factors F e for electron interaction with the barrierlike and the QW-like IF phonons in AlAs / GaAs / AlAs heterostructure. It is worth to note that the QW-like symmetric IF mode frequency ω A approaches ω TA limit at L A → 0, and the interaction strength F e (ω A ) for the QW-like IF phonons drops to zero (see Eq. (23)). The interaction strength factor for the barrier-like IF mode, F e (ω B ), monotonously increases with decreasing L A .
Thus, in narrow QWs, the electron interaction strength with the high-energy barrier-like phonons increases, and contrary, the electron interaction strength with the QW-like phonons decreases with decreasing L A .
An electron, the energy of which is lower than the energy of the high-energy barrier-like IF phonon, cannot emit this phonon, and the SR of the low-energy electron by the IF phonon must decrease due to the strong decrease of the electron interaction strength with the QW-like phonons as compared with the electron interaction strength with the bulk phonons. This is illustrated in Fig. 4 . Figure 4 shows the calculated total SRs of the electrons, the energies of which are 50.5 and 40 meV, by the PO phonons as functions of the AlAs / GaAs / AlAs QW width. For comparison, the SR calculated in the bulk phonon approximation is presented.
The IF phonon SR of the electrons, the energy of which is 50.5 meV, in the narrow QW is higher than that obtained using the bulk phonon approximation. The increase of factor F e (ω B ) for the AlAs-like phonons is responsible for this increase.
In the narrow QW, the IF phonon SR of the electrons, the energy of which is 40 meV, is much lower than that obtained from the bulk phonon approxima- tion. For the electron-IF phonon SR decrease, the F e (ω A ) decrease is responsible. The electron-confined phonon SR decreases greatly when the QW width L A becomes less than L opt = π/k opt . In GaAs, L opt = 12.6 nm. For this decrease, the great increase of the confined phonon wave vector q C = q + q z is responsible in the narrow QW (see Eqs. (10) and (19)).
Because of the decrease of both confined and IF phonon SRs, the total SR of electrons, the energy of which is 40 meV, in the narrow QW is lower than in the wide one. It can be assumed that this electron-PO phonon SR decrease is responsible for the great drift velocity increase observed experimentally in narrow AlAs / GaAs / AlAs QWs [2, 16] . Figure 5 shows the SR dependences on L A in the GaAs / InAs / GaAs QW. As well as in the AlAs / GaAs / AlAs case, the total SR of electrons, the energy of which is lower than the barrier-like IF phonon energy ( ω B = 36 meV), decreases with a decrease of the QW width less than 20 nm. As a result, the decrease of the electron-confined phonon SR is not compensated by the IF phonon SR.
At L A → 0, the total SR is four times lower than the SR given by the bulk phonon approximation. The electron-IF phonon SR by phonon emission decreases due to the change of the QW-like frequency ω A . When ω A → ω TA , the factor F e (ω A ) decreases, as well as it was in the AlAs / GaAs / AlAs structure.
However, the SR with phonon emission of the electrons, the energy of which is higher than the energy of the barrier-like phonon, increases with a decrease of the QW width. As a result, the SR of the electrons, the energy of which is 40 meV, is near to that SR, which is given by the bulk phonon approximation. Analogical peculiarities in the electron-PO phonon SRs are also observed in GaN / InN / GaN case ( Fig. 6) : the strong decrease of the total SR of the electrons, the energy of which is lower than 92 meV, and the increase of the SR of the higher energy (95 meV) electrons by the highest energy phonons.
Note, that the barrier-like phonon determines the high-energy electron SR. The SR with barrier-like phonon emission in the QW with the GaN barriers (Fig. 6 ) is more than three times larger than with the AlAs or GaAs barriers (Fig. 4) .
The increase of the inelastic SR of hot electrons, the energy of which is higher than the barrier-like phonon energy, shows that the SR can be responsible for the electron drift velocity saturation at high electric fields. Because the barrier-like phonon energy is higher than the bulk-phonon energy, the electron saturated drift velocity in the narrow QW must be higher. The decrease of the SR of the electrons, the energy of which is lower than the highest barrier-like phonon energy, by the PO phonons in the narrow QW means the increase of cold electron mobility in the QW with a width L A < 5 nm.
Conclusions
The possibilities to decrease the electron-PO phonon SR in the double heterobarrier QW and to increase the electron saturated drift velocity at high electric fields are considered.
It is shown, as an example of three double barrier heterostructures AlAs / GaAs / AlAs, GaAs / InAs / GaAs, and GaN / InN / GaN, that these possibilities are realized in narrow QWs (L A < 5-10 nm):
1. The electron-confined phonon SR decreases due to the strong increase of the confined phonon wave vector in the narrow QW.
2. The IF phonon SR of the electrons, the energy of which is lower than the barrier-like phonon energy, decreases due to the strong decrease of the electron-QW-like phonon interaction strength (factor F e (ω A ), Eq. (23)) in the narrow QW. Because of that the mobility of cold electrons limited by PO phonon scattering in the narrow QW can be found higher than in the wide one.
3. The IF phonon SR of the electrons, the energy of which is higher than the barrier-like phonon energy, increases with a QW width decrease due to the increase of the electron-barrier-like phonon interaction (factor F e (ω B ), Eq. (23)) in the narrow QW.
Because the barrier-like phonon energy is higher than the bulk-like phonon energy, the hot-electron saturated drift velocity in the narrow QW must be higher.
The DC model was used for the SR calculations. The sum rule for the electron SR by the confined and the IF phonons in the QW is well fulfilled, if the difference in the all-mode phonon energies ω ν could be neglected. However, due to the large differences in the energies of confined and IF phonon modes in the narrow QW, the sum rule is violated.
It is shown that the bulk phonon approximation for the electrons, the energy of which is lower than the barrier-like phonon energy, is not fulfilled and cannot be used for the electron-PO phonon SR calculations in the narrow QW.
